Objective: Cyclophosphamide is a conventional pro-drug used in Multiple Myeloma (MM) and other malignancies. The highly polymorphic CYP2B6 is suggested as a major contributor in cyclophosphamide bioactivation, and GST enzymes are involved in detoxification. Polymorphisms of these enzymes may affect enzyme expression and function as well as treatment outcome. The aim of this study was to investigate the impact of the CYP2B6 SNPs G516T, A785G and C1459T, GSTP1 SNP Ile105Val, and GSTM1 and GSTT1 null variants, on the outcome for cyclophosphamide treated MM patients, in order to find markers of value for individualised therapy. Methods: We used allele specific PCR and Pyrosequencing to investigate the impact of CYP2B6 SNPs G516T, A785G and C1459T, GSTP1 Ile105Val, and GSTM1 and GSTT1 variants, on the outcome for 26 cyclophosphamide treated multiple myeloma patients. Results and Major Conclusion: The CYP2B6 785G carriers had significantly shorter progression free survival (p = 0.048*) and overall survival (p = 0.037*) with 785G/G patients having the worst outcome compared to patients carrying the wild type. A shorter progression free survival was also indicated in patients carrying both CYP2B6 516T & 785G (p = 0.068). These results indicate a predictive role of CYP2B6 SNPs, particularly A785G, in cyclophosphamide treatment.
Introduction
Cyclophosphamide is an alkylating agent with anticancer activity and used in the treatment of several neoplastic disorders such as multiple myeloma, leukemias, nonhodgkin lymphoma, breast and ovarian cancer. Multiple Myeloma (MM) is characterised by clonal proliferation of abnormal plasma cells infiltrating the bone marrow, and secretion of monoclonal immunoglobulins, called Mcomponent. MM accounts for approximately 2% of all cancer deaths and 20% of deaths caused by haematological malignancies [1] . Alkylating agents, such as melphalan and cyclophosphamide, together with corticosteroids and autologous stem cell transplantation (ASCT), is an effective conventional treatment [2] . The so-called novel agents, proteasome inhibitors and IMiDs (immunomodulatory drugs) used in the treatment of MM (bortezomib, thalidomide and lenalidomide) has been established and improved the outcome of these patients. In spite of this progress, almost all patients treated with ASCT relapse due to residual disease [3] . Yet, a fraction of patients have become long-term survivors after treatment with alkylating agents and better assessment for applying current treatment modalities is required in order to understand the nature of different responses to the therapy.
Cyclophosphamide is activated by CYP450 mediated hydroxylation in the liver mainly by CYP2B6 [4] . This enzyme is polymorphic, with several single nucleotide polymorphisms (SNPs) reported to affect enzyme expression and function. The functional SNPs G516Tappears to be substrate specific [5] [6] [7] [8] [9] . Further, detoxification of drugs including cyclophosphamide is carried out by the GST enzymes including GSTM1, GSTT1 and GS TP1, by glutathione conjugation. Polymorphisms of these GST enzymes have been reported to affect enzyme function and correlate to both cancer susceptibility and treatment outcome [10] [11] [12] [13] [14] . In GSTM1 and GSTT1, the polymorphisms results in partial gene deletion, with the null variants completely lacking enzymatic activity [10, 11] . In GSTP1, the single nucleotide polymorphism with an Isoleucine->Valine substitution in position 105 (exon 5, I105V, rs1695) results in changes in heat stability and activity [14, 15] .
Taken together, polymorphisms in these genes are of interest as potential predictors of outcome in cyclophosphamide treatment, and results from studies clarifying their impact on treatment response may improve the possibilities of individualising chemotherapy in the future. The aim of this study is to investigate the impact of the CYP2B6 SNPs as well as GSTM1, GSTT1 and GSTP1 polymorphisms on the outcome for multiple myeloma patients treated with cyclophosphamide.
Material and Methods

Patients
This retrospective study included samples obtained from 26 patients diagnosed with multiple myeloma between 2005 and 2009. Median age at diagnosis was 59 years (range 42 -66 years) and mean follow-up time was 1.7 years. All patients were treated according to established treatment protocols and national guidelines with regimens containing high dose-cyclophosphamide and cortisone, followed by autologous (22 patients) or allogenic (1 patient) stem cell transplantation. 3 patients did not receive transplant.
Data on blood parameters, disease stage, treatment response, progression free survival and overall survival were registered in a clinical database. Survival times were calculated as the time from diagnosis to an event (progression, death or the latest follow-up date). Response was evaluated after transplantation according to national guidelines as follows: Complete response (CR) was defined as no detectable M-component with negative immunofixation in serum and urine, and <5% plasma cells in the bone marrow. Partial response (PR) was defined as reduction of M-component by ≥50% and urine M-component by ≥90% or <200 mg/24 h together with regress of ROTI (related organ or tissue impairment). Clinical data are summarized in Table 1 .
Blood and bone marrow samples were collected at Karolinska University Hospital in Huddinge and shipped to the department of Clinical Pharmacology in Linköping, 12 3 where DNA was isolated and genotyping performed. The study was approved by the local ethical committee.
DNA Isolation
DNA was isolated from peripheral blood or bone marrow cells using the QIAamp Blood Mini kit from QIAGEN (QIAGEN AB, Sweden), according to the manufacturers' protocol. Concentration was measured and samples were diluted to10 ng/µl for the analyses. DNA was stored at -20˚C until used.
GSTM1 and GSTT1 Genotyping
Presence or partial deletion of GSTM1 and GSTT1 was analysed using a multiplex PCR method as previously published [12, 13] . Briefly, 20 -100 ng of DNA was amplified in a PCR reaction using HotStar Taq MasterMix (QIAGEN AB, Sweden), a final primer concentration of 1µM each, and a final MgCl 2 concentration of 2 µM in a total volume of 20 µl. Betaglobin was co-amplified in the reactions as a control.
The PCR reactions were carried out on a Biometra TProfessional Thermocycler (Biometra GmbH, Germany) with the following temperature cycles: 1 cycle at 95˚C for 15 minutes, 30 cycles at 95˚C for 1 minute, at 57˚C for 1 minute, and at 72˚C for 1 minute, followed by a final extension cycle at 72˚C for 7 minutes. Primer sequences are presented in Table 2 . Samples were run on an ethidium bromide stained 3:1 Nusieve-Agarose gel and photographed under UV-light. Band sizes were 231, 459 and 268 bp for GSTM1, GSTT1 and β-globin, respectively. Patients with absence of a GSTM1 or GSTT1 band in the presence of a β-globin band were assigned GSTM1 or T1 null genotype.
CYP2B6 and GSTP1 Genotyping
Pyrosequencing was used to determine the SNPs in CYP-2B6 and GSTP1. Primer sequences previously published or designed using the PSQ Assay Design programme (QIAGEN AB, Sweden) was ordered from Invitrogen (Paisley, United Kingdom) and used to amplify fragments of CYP2B6 ex 4, 5 and 9 containing the SNPs G516T, A785G and C1459T, with one of the primers in each pair being biotinylated [16] . The PSQ Assay Design Programme was also used to design primers for the GSTP1 SNP 1le105Val. PCR and sequencing primers are presented in Table 2 .
A 35 cycle PCR was performed on all PCR primer pairs for optimisation of MgCl 2 concentration and annealing temperature, using a temperature gradient. Products were visualised on a 1.5% agarose gel stained with ethidium bromide. The final PCR reactions were carried out using HotStar Taq Mastermix (QIAGEN AB, Sweden), a final primer concentration of 0.4 µM each, a final MgCl2 concentration of 1.5 µM (CYP2B6 ex 5) or 2 µM (CYP2B6 ex 4, ex 9 and GSTP1 Ile105Val) in a total volume of 25 µl. The PCR reactions were carried out on a Biometra TProfessional Thermocycler (Biometra GmbH, Germany) with the following temperature cycles: 1 cycle at 95˚C for 15 minutes, 50 cycles at 95˚C for 30 seconds, at 50˚C (CYP2B6 ex 4) for 30 seconds or at 58˚C for 30 or 15 seconds (GSTP1 Ile105Val and CYP-2B6 ex 5&9, respectively), and at 72˚C for 30 seconds, followed by a final extension cycle at 72˚C for 10 minutes.
For sequencing of the PCR products Pyrosequencing PSQ96MA (QIAGEN AB, Sweden) was used according to the manufacturers' protocol. Briefly, single stranded DNA was prepared and sequencing primers in a final concentration of 0.3 µM was annealed to the templates at 80˚C for 2 min. Substrate, enzyme and nucleotides were prepared in volumes given by the PSQ 96MA SNP software and added to the samples in a predefined order, resulting in genotype specific pyrograms.
Discrepancies between the CYP2B6 and CYP2B7 pseudogene sequences within the PCR products were analysed by Pyrosequencing to detect presence of possible pseudogene co-amplification in all reactions, to ensure specificity.
Statistical Analysis
Kaplan-Meier method was used for survival curves and log-rank tests to investigate the relationship between genotypes and time to progression or overall survival. Chi2 was used to investigate agreement with Hardy-Weinberg equilibrium, as well as differences in genotype distributions between partial or complete responders.
Due to small numbers, multivariate analysis taking other clinical factors, such as del(13)(q)/-13 or t(4;14) status into account was not possible. However, distribution of these known negative prognostic factors was evaluated between genotypes.
A p-value of 0.05 was considered to be statistically significant. Softwares used were GraphPad Prism v.4 and StatCalc (EpiInfo v.3.4.3).
Results
GSTM1 and GSTT1 Genotyping Results
All patients were successfully genotyped for GSTM1 and GSTT1. 8 patients (31%) were found to be GSTM1 wt, 
GSTP1 and CYPB6 Genotyping Results
Pyrosequencing was successfully used to analyse the Ile105Val single nucleotide polymorphism in GSTP1 as well as the SNPs G516T (ex 4), A785G (ex 5) and C1459T (ex 9) in CYP2B6. For GSTP1 SNP Ile105Val, Pyrosequencing revealed 7 patients (27%) with the wt Ile/Ile genotype. 16 patients (61.5%) were Ile/Val, while 3 patients (11.5%) were homozygously mutated (Val/Val genotype).
In CYP2B6 ex 4, 12 patients (46%) with the wt 516G/ G genotype were found. 12 patients (46%) were heterozygous while 2 patients (8%) hade the mutated T/T genotype. Analysis of the exon 5 polymorphism A785G revealed 8 patients (31%) with the wt A/A genotype, 13 patients (50%) were heterozygously mutated, while 5 patients (19%) were homozygously mutated. For the exon 9 SNP C1459T, 22 wt patients (85%) and 4 heterozygous patients (15%) were found. No homozygously mutated T/T patients were found in the material.
8 patients (31%) were found to be wild type for both G516T and A785G, 12 (46%) were heterozygous 516G/ T 785A/G genotype. Only 2 patients (8%) were homozygously mutated (516T/T 785G/G) in both positions (*6/ *6). 4 patients (15%) carried other genotype combinations.
All genotypes were in accordance with the HardyWeinberg equation, and the analysis was found specific for CYP2B6 without any co-amplification of the CYP2-B7 pseudogene.
Correlations to Treatment Response
No significant correlations between GSTM1, GSTP1 or CYP2B6 polymorphisms and complete or partial response after transplant were found, neither for individual or combined genotypes.
GSTP1-Indication of Impact on Overall Survival
No significant correlation to progression free survival or complete response post transplant was found for the GSTP1 SNP Ile105Val. However, Kaplan-Meier analysis revealed a possible impact on overall survival. Wildtype Ile/Ile patients appear to have a longer overall survival compared to patients with at least one Val allele, although not statistically significant (p = 0.20, Figure 1 ). Del(13)(q)/-13 or t(4;14) status may influence this result, although no significant difference in status between genotypes were found (p > 0.05, data not shown). 
CYP2B6 SNP A785G-Correlations to Progression Free and Overall Survival
Individual and combined genotypes of CYP2B6 polymorphisms G516T, A785G and C1459T were analysed for correlations to progression free survival (PFS) and overall survival (OS). Kaplan-Meier survival analyses show a significant association between the SNP A785G and overall as well as progression free survival. The variant G allele is related to a shorter progression free survival, with homozygously mutated G/G patients having the shortest PFS followed by heterozygous individuals (p = 0.048, Figure 2(a) ). This is also reflected in a difference in OS between genotypes, with homozygosity for the G allele resulting in a worse outcome (p = 0.037, Figure 2(b) ). There was no difference in del(13)(q)/-13 or t(4;14) status between the genotypes (p > 0.05, data not shown). No significant correlations were found for the exon 4 and 9 SNPs G516T and C1459T.
CYP2B6*6-Possible Association to Outcome
The CYP2B6*6 allele, including both the G516T and A785G variants, was also analysed in relation to progression free-and overall survival. Due to small groups (only 2 patients were homozygously mutated in both positions, i.e. *6/*6 genotype), patients carrying two variants were grouped together in the survival analysis (*4/*9, *1/*6 or *6/*6 alleles-we cannot discriminate between*4/*9-i.e. patients with the 785 variant on one allele and the 516 variant on the other-or *1/*6 patients i.e. patients wild type for one allele and with 516 and 785 variants combined on the other allele). The results followed the same pattern as for the SNP A785G, with carriers of at least one variant in both positions having a worse outcome compared to wild type patients. For progression free survival the correlation was borderline significant (p = 0.068, Figure 3 both variants had a higher degree of del(13)(q)/-13 compared to wildtype patients, which may influence the results (p = 0.02, data not shown). There was no difference in t(4;14) status between genotypes (p > 0.05, data not shown).
Discussion
In the present study we investigated the impact of polymorphisms in CYP2B6 and GSTM1, GSTT1 and GSTP1 on the outcome of cyclophosphamide treatment in a small group of multiple myeloma patients. Cyclophosphamide is metabolised to its active form, 4-OH-cyclophosphamide, in the liver by CYP450 enzymes including CYP2B6 [4] . Further, GST enzymes are involved in detoxification by glutathione conjugation. Polymorphisms have been shown to affect enzyme expression and activity, and may therefore also influence treatment response and outcome for cancer patients treated with drugs metabolised by these enzymes. However, previously published studies are inconclusive.
Our results on the impact of CYP2B6 A785G on progression free and overall survival are in line with studies presenting a decreased expression and activity associated to presence of the A785G variant [7] , which would result in a lower plasma concentration of the active drug and thereby a less effective treatment. This conclusion is also supported by a recently published study on breast cancer patients treated with doxorubicin and cyclophosphamide, in which the A785G variant allele was significantly associated to worse outcome [17] .
Also in accordance with our results Hofmann et al. showed decreased mRNA-levels in liver samples carrying the *6 variant allele [9] , and Lang et al. reported similar findings, with reduced protein levels in *6 allele carriers [5] . Tsuchiya et al. also showed a higher efavirenz plasma concentration in *6 carriers, consistent with decreased enzyme activity [7] . However, it is not clear that reduced protein levels are associated with decreased cyclophosphamide bioactivation; any effects of the polymorphisms may rather be due to functional changes of the enzyme. Other enzymatic pathways and polymorphic variations, such as those of CYP2C19, are also suggested as contributors to the variability [18] . In contrast, presence of the *6 allele (516T 785G) has been shown to result in increased cyclophosphamide activation in liver microsome preparations and in patients with haematological malignancies [19] which is in agreement with the report by Nakajima et al. showing a higher clearance and shorter t ½ of cyclophosphamide in 103 Japanese patients with malignant lymphoma or breast cancer carrying the *6 variant allele [8] . Kirchheiner et al. also showed an increased clearance of bupropion in *4 (A785G) carriers but not in *6 [6] . Possible explanations for discrepancies between studies may include differences in patient groups, type of disease and different concomitant chemotherapy.
In this pilot study we show that individuals carrying the CYP2B6 785G allele have a shorter progression free survival and a shorter overall survival, with homozy-gously mutated patients having the worse outcome. A similar tendency was seen in carriers of the *6 allele, although significance could not be determined due to small groups. This may indicate that the effect on survival is caused by the A785G SNP rather than a combination of G516T and A785G, since no individual effect of G516T was seen.
No difference in del(13)(q)/-13 or t(4;14) status, a previously reported negative predictor in MM, was seen between A785G genotypes. This indicates that the negative effect of the 785G allele seen on progression free and overall survival are less likely to be a result of del(13)(q)/-13, and it is generally observed that the negative impact on prognosis in MM is not limited to del(13)(q)/-13, but is due to association with t(4;14) and/or del(17)(p) [20] .
No effect of the exon 9 SNP C1459T was seen in our material, contradictory to a recent study identifying this as a loss of function variant with effect on cyclophosphamide bioactivation [18] ; however, both that study and ours are on a small material with low frequency of the variant T allele.
The GSTP1 polymorphism Ile105Val is located in the substrate binding region of the enzyme, and results in altered heat stability and enzymatic properties with substrate specific differences [14, 15] . We found that patients with the wild type Ile/Ile genotype may have a tendency to improved overall survival compared to carriers of at least one Val allele. Previously, Dasgupta et al. reported a longer progression free survival and a trend to improved overall survival for the Val allele in myeloma patients treated with standard dose chemotherapy, but no impact in patients with high-dose treatment [21] . Better outcome with the Val allele has also been reported by others; Sweeney et al. described an improved survival in breast cancer patients with Val/Val genotype compared to the wildtype Ile/Ile, and the same findings were reported in ovarian cancer patients with carriers of the Val allele having lower risk of progression as well as longer overall survival [22, 23] .
In contrast, Khrunin et al. showed an increased progression free survival in ovarian cancer patients carrying the Ile allele when treated with cisplatin-cyclophosphamide regimens [24] , similar to our results. Also, Maggini et al. reported a significantly better response to chemotherapy and a tendency to better overall survival in myeloma patients with the wild type genotype, when treated with DAV (dexamethasone-doxorubicin-vincristine), with cyclophosphamide and G-CSF (granulocyte colony stimulating factor) or melphalan as a conditioning regimen [25] .
Although generally a decreased enzymatic activity (and heat stability) in the Val-variant is described, substrate specific differences appear likely since the polymorphism is positioned in the substrate binding region, changing size and shape of the pocket. Interactions between substrate, substrate binding pocket and nearby residues may increase or decrease binding efficacy and conjugation depending on chemical properties of the substrate and side chain-interaction variations [15] . If the Ile/Ile genotype have a decreased ability to bind and conjugate cyclophosphamide metabolites compared to the Val-variants, and thereby give a prolonged effect of the active drug, this would explain the possible advantage for our patients. This theory is supported by an article by Ishimoto and Ali-Osman, showing differential cytoprotective activity of GSTP1 alleles against different anticancer agents, with the protection against hydroperoxyifosfamide (a drug structurally and in its action similar to cyclophosphamide) being lower for the Ile allele compared to the Val allele [14] .
In conclusion, we have shown that polymorphisms in CYP2B6, especially the SNP A785G, as well as the GSTP1 SNP Ile105Val, are indicated to influence the outcome in cyclophosphamide treatment in myeloma patients with possible effects on progression free survival and overall survival. These results indicate that patients carrying the CYP2B6 785A/A genotype might benefit from the traditional cyclophosphamide treatment while patients carrying the variant might profit from the use of novel agents such as proteasome inhibitors and IMiDs. Due to the small number of patients and short follow up time of this pilot study, and the inconclusiveness of previously published studies regarding these polymorphisms in different settings, further studies on a larger material of cyclophosphamide treated patients are needed. Access to a larger material would enable the investigation of the combined impact of polymorphisms in activating (CYP-2B6) as well as detoxifying (GSTs) enzymes. Inclusion of details on other clinically relevant prognostic markers, treatment duration, toxicity data and data on pharmacokinetics could also be useful to further elucidate the impact of genetic variation in CYP2B6 and GST enzymes. Confirmation of a predictive role of SNPs in these enzymes could contribute to future individualised chemotherapy in myeloma patients and thereby a better treatment outcome and long term health improvement.
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